Introduction {#s1}
============

Malaria is one of the top priority communicable diseases targeted for elimination by the World Health Organization. It affects a large segment of the population in the malaria vulnerable regions. Children and pregnant women are severely and disproportionately affected by malaria in high malaria burden countries\[[@B1]\]. It remains a major public health problem in Ethiopia where two-thirds of its population lives in malaria transmission areas\[[@B2]-[@B4]\]. The transmission shows significant variations in time and space\[[@B5],[@B6]\].

Effective and efficient malaria interventions require a good understanding of the epidemiology \[[@B7]\], and transmission dynamics in time and space. Targeting heterogeneity at all levels of transmission intensity could improve malaria intervention strategies and control measures \[[@B8]-[@B13]\]. In recent years, technological and scientific advances have created the possibility for doing such elaborate analysis to identify geo-spatial clustering. Thus, efforts must be intensified to use the available data for targeting interventions based on local transmission trends.

In Ethiopia, few spatiotemporal studies of malaria have been reported in recent years \[[@B14]-[@B16]\]. Thus, the heterogeneity of malaria transmission is not yet fully explored and the approaches used for detecting the prevailing heterogeneity are different from the approaches used in this study. This study was used scan statistics to study malaria transmission heterogeneity for a variety of reasons. Firstly, the spatial scan statistics method could identify malaria clusters and demonstrate malaria risk heterogeneity at the local level\[[@B9]\]. Secondly, it has enough power to reject the null hypotheses of homogeneous relative risk\[[@B17]\]. Thirdly, it enables the research to provide a description of spatiotemporal heterogeneity, clarify the epidemiology of malaria, prioritize resource allocation, and investigate malaria heterogeneity at fine geographical scale\[[@B13]\]. The aim of this study was thus to detect purely spatial, temporal, and space-time malaria clusters at a district levels in northwest Ethiopia.

Methods {#s2}
=======

Study area {#s2.1}
----------

The study was conducted in North and South Gondar administrative zones, in northwest Ethiopia ([Figure 1](#pone-0079966-g001){ref-type="fig"}). About 5.6 million people are estimated to live in the area, according to the Central Statistical Agency of Ethiopia (CSA)\[[@B18]\]. The study districts experience a bimodal rainfall pattern; the main rainy season is from June to September followed by a short spring between February and May. Recorded temperatures in the study area showed an average minimum temperature of 12.12°c, an average maximum temperature of 25.4°c, an extremely average minimum temperature of 9.3°c, and an extremely average maximum temperature of 28.3°c.

![Location of the study area, Amhara national regional state, northwest Ethiopia.](pone.0079966.g001){#pone-0079966-g001}

Of the 30 districts in the study area, twenty-five are in the highland and fringe regions. In these districts, malaria transmission is unstable, seasonal, and characterized by frequent epidemics. The peak times of malaria transmission occur between September and December (i.e. following the main rainy season from June to August) and from April to June \[[@B2],[@B4],[@B19]\]. Unstable malaria transmission is defined as irregular transmission in highland and fringe areas with substantial yearly and seasonal fluctuations. These areas are prone to malaria epidemic; immunity is generally low and all age groups of the population are at risk of the disease\[[@B20]\]. Thus, districts in the highland and fringe were included in the study.

Data {#s2.2}
----

Data on malaria were obtained retrospectively from monthly reports to the district health offices between early 2003 and late 2012. The data were reported from health facilities to the district health offices in monthly surveillance forms. The malaria datasets were aggregated at a district levels and comprised information on malaria cases, type of parasites (p.falciparum, p.vivax and mixed infections), and time of illness (month and year).

The spatial coordinates (the latitudes and longitudes) for each district were obtained from the CSA. The spatial data were created in ArcGIS10\[[@B21]\]for each district. An estimated midyear population of each district was extracted from the CSA and combined with the census tract polygon shaped file. The population data were used to calculate annual malaria incidence and used as known underlying population at risk to fit Poisson model\[[@B18]\].

Analysis {#s2.3}
--------

The monthly and annual cumulative malaria incidences of each district were calculated and plotted to check the annual fluctuations of malaria transmission between early 2003 and late 2012. The number of malaria cases to population at risk was used to calculate the monthly and annual cumulative malaria incidences during the specified period.

The auto regressive integrated moving average (ARIMA) model was used to evaluate the seasonal and annual patterns of malaria transmission in the study districts. The seasonal decomposition procedure was performed for a trend analysis to remove a periodic component from a time series and produce a series that was more suitable for trend analysis. An examination of the autocorrelations and partial autocorrelations of the time series were used to determine the underlying periodicity. A multiplicative model was used for the seasonally adjusted series which were multiplied to yield the original series. In effect, the estimated trends showed seasonal components that were proportional to the overall level of the series.

### Poisson Model {#s2.3.1}

The discrete Poisson model was used as the number of cases in each location was Poisson distributed and the nature of the data were count \[[@B22]\]. Patients with malaria were taken as cases, and the population was the combined number of person-years lived used to fit the Poisson model. Then, the Poisson data were analyzed with the purely temporal, spatial, and space-time scan statistics.

### Cluster analysis {#s2.3.2}

The scan statistics developed by kulldorff and SaTScan™ software version 9.1\[[@B23]\] were used to identify the presence of the purely spatial, temporal, and space-time malaria clusters. The scan statistics did scanning gradually across time and/or space to identify the number of observed and expected observations inside the window at each location. The scanning window was an interval (in time), a circle (in space) or a cylinder with a circular base (in space-time) to which window sizes were determined, and the window with the maximum likelihood was the most likely cluster, and a p-value was assigned to this cluster.

The spatial scan statistics used a circular window variable radius that moved across the map. The window was in turn centered on each of the several possible grid points positioned throughout the study districts. For each grid point, the radius of the window differed continuously in size from zero to specified maximum value. Thus, the circular window was flexible both in location and size. Every circle was a likely candidate cluster.

The space-time scan statistics were defined by a cylindrical window with a circular geographic base and with height corresponding to time. The base was defined exactly as for the purely spatial scan statistics, whereas the height reflected the time of potential clusters. The cylindrical window was then moved in space and time so that for each potential geographical location and size it also visited each possible time period. In effect, an infinite number of overlaid cylinders of different shapes and sizes were found, together covering the whole study districts, where every cylinder reflected a possible cluster.

The temporal scan statistics used a window that moved in one dimension, time, defined in the same way as the height of the cylinder used by the space-time scan statistic. This means that it was flexible in both the start and end date. The maximum temporal length was specified on the temporal window tab.

For each location and size of the scanning window, the alternative hypothesis was that there was an elevated risk within the window as compared to the outside. The likelihood function was maximized over all window locations and sizes, and the one with the maximum likelihood comprised the most likely cluster. This was the cluster that was least likely to have occurred by chance. The likelihood ratio for this window comprised the maximum likelihood ratio test statistic. The p-value was obtained through the Monte Carlo hypothesis testing\[[@B24]\], by comparing the rank of the maximum likelihood from the real datasets with the maximum likelihoods from the random datasets. The number of replications was limited to 999\[[@B25]\]. It was always clear whether to keep or reject the null hypothesis for typical cut-off values at 5% level of significance.

The scan was used to scan for areas with high rates (clusters). For purely spatial and space-time analyses, secondary clusters were identified in the datasets in addition to the most likely cluster, and were ordered them according to their likelihood ratio test statistic. The inferences of secondary clusters were adjusted for more likely clusters in the data using the iterative manner\[[@B24]\]. In the first iteration, only the most likely cluster was reported. That cluster was then removed from the datasets. In a second iteration, a completely new analysis was conducted using the remaining data. This procedure was then repeated until there were no more clusters with a p-value less than 0.05. The maximum cluster size was set to 50% of the population at risk. For purely temporal analyses, only the most likely cluster was reported.

Ethical Clearance {#s2.4}
-----------------

The protocol was approved by the Institutional Review Board (IRB) of the University of Gondar. The IRB waived that the research could be done based on record review without contacting patients. Support letters were obtained from local health offices for retrieving retrospective malaria data from records. All the information was kept confidential and no individual identifiers were collected.

Result {#s3}
======

Distribution and Trends of Malaria Infections {#s3.1}
---------------------------------------------

Eleven of the eighteen districts from the unstable highland malaria transmission areas included in this study were from the North Gondar administrative zone while the remaining seven were from South Gondar. About 2.7 million malaria cases were reported from 2003 to 2012. *Plasmodium falciparum* (67.53%) was the dominant species in the area followed by *plasmodium vivax* (25.64%) and mixed infections (6.83%). All districts reported malaria cases during the study period. The highest (64.7%) of the malaria cases were adults and infants accounted for only 3.79% of the total cases.

Malaria cases were reported in every month of the year throughout the study period. A seasonal variation of malaria transmission was observed. The main transmission began in mid August and peaked in September and October, declining at the end of November. The second peak of malaria transmission occurred between April and June ([Figure 2](#pone-0079966-g002){ref-type="fig"}). An elevated proportion of annual malaria cases (40.8%) were reported between September and December.

![Monthly and seasonal variation of malaria transmission in northwest Ethiopia, between 2003 and 2012.\
The peak malaria transmission period occurred between September and December, during which nearly 40.6% of the annual malaria cases were reported.](pone.0079966.g002){#pone-0079966-g002}

The overall average cumulative annual malaria incidence during the study period was 97 per 1000 population at risk. The highest incidences of malaria cases (244 per 1000 population at risk) occurred in Fogera district in 2009 while the lowest incidence of malaria cases (6.1 per 1000 population at risk) occurred in Alefa district in 2006. Though malaria distribution varied across the districts, most of them had 50 and more malaria cases per 1000 population at risk. During the study period, three malaria epidemic years were observed in 2003, 2009, and 2010 ([Figure 3](#pone-0079966-g003){ref-type="fig"}).

![Annual malaria cumulative incidence at the district level in northwest Ethiopia between 2003 and 2012.\
The highest malaria incidence (244 per 1000 population at risk) occurred in Fogera district in 2009 while the lowest malaria incidence (6.1 per 1000 population at risk) occurred in Alefa district in 2006. Fluctuating temporal trends of annual malaria incidence were observed.](pone.0079966.g003){#pone-0079966-g003}

The seasonally adjusted series show that increasing malaria cases occurred between the years 2003 and 2006. A marked decrease in malaria cases were observed in 2007 and 2008. A significant increase was observed over again between 2009 and 2011 and slightly decreased in 2012 ([Figure 4](#pone-0079966-g004){ref-type="fig"}).

![Annually and monthly patterns of malaria transmission between 2003 and 2012 in northwest Ethiopia.](pone.0079966.g004){#pone-0079966-g004}

Distribution of High Rate Malaria Spatial Clusters {#s3.2}
--------------------------------------------------

In the study districts, malaria was not distributed randomly. Seven high rate spatial clusters were detected throughout the study period. Dera, Fogera, Farta, Libokemkem and Misrak Este districts (located in South Gondar administrative zone) were the most likely clusters (LLR = 197764.1, p\<0.001). Secondary clusters were detected in Dembia, Merab Belesa, and Takusa districts (LLR=167014.6, p\<0.001) ([Table 1](#pone-0079966-t001){ref-type="table"} and [Figure 5](#pone-0079966-g005){ref-type="fig"})

10.1371/journal.pone.0079966.t001

###### Significant high rates of spatial clusters of malaria in northwest Ethiopia between 2003 and 2012.

  **Cluster**   **District**    **Coordinate/Radius**         **Observed Cases**   **Expected Cases**   **RR**   **LLR**    **P value**
  ------------- --------------- ----------------------------- -------------------- -------------------- -------- ---------- -------------
  1             Dera            11.6998 N, 37.6248E /49.0km   1227670              772393.8             2.36     197764.1   0.001
  1             Fogera          11.9222N,37.6958E/49.0km      1227670              772393.8             2.36     197764.1   0.001
  1             Farta           11.6998 N, 37.6249 E/49.0km   1227670              772393.8             2.36     197764.1   0.001
  1             Misrak Este     11.6076N,38.0542E/49.0km      1227670              772393.8             2.36     197764.1   0.001
  1             Libokemekem     12.1165N,37.7731E/49.0km      1227670              772393.8             2.36     197764.1   0.001
  2             Dembia          12.2430N, 37.2921E /26.3km    443523               192612.8             3.47     167014.6   0.001
  2             Merab Belesa    12.2800 N,37.4900 E/26.3km    443523               192612.8             3.47     167014.6   0.001
  2             Takusa          12.1931N,37.0554E/26.3km      443523               192612.8             3.47     167014.6   0.001
  3             Tach Armacho    13.2238N, 37.1488E /60.4km    232371               66184.1              5.74     163154.1   0.001
  3             Lay Armacho     12.4459N,37.4157E/80.5km      232371               66184.1              5.74     163154.1   0.001
  4             Misrak Belesa   12.4055N, 38.0881E /0km       55148                15934.0              4.12     32563.7    0.001
  5             Dabat           13.2238 N, 37.1488E /76.7km   97618                51960.3              2.67     23417.9    0.001
  5             Chilga          12.5396N, 37.0587E /76.7km    97618                51960.3              2.67     23417.9    0.001
  6             Alefa           11.9286 N, 36.8737E /0 km     43871                21060.8              2.81     12635.5    0.001
  7             Semada          11.4092N, 38.2348E /0 km      42466                17148.8              5.24     21497.6    0.001
  8             Debark          13.1421N, 37.8979E /0 km      22713                5535.7               3.0      32064.3    0.001

RR=Relative risk; LLR=Log likelihood ratio

![Spatial distribution of significant high rates malaria clusters at a district levels in northwest Ethiopia between 2003 and 2012.\
Color identification of the clusters was ordered based on the value of likelihood ratio test statistic.](pone.0079966.g005){#pone-0079966-g005}

Distribution of High Rate Spatiotemporal Malaria Clusters {#s3.3}
---------------------------------------------------------

In the study area, significantly high rates of spatiotemporal malaria clusters were identified. Dera, Fogera, Farta, Libokemkem and Misrak Este districts were the most likely spatiotemporal clusters (LLR=197764.1, p\<0.001) from 2003/1/1 to 2012/12/31. Secondary clusters were identified in all districts (LLR=72490.5, p\<0.001) from 2009/1/1 to 2010/12/31 ([Table 2](#pone-0079966-t002){ref-type="table"}).

10.1371/journal.pone.0079966.t002

###### Significant high rates of spatiotemporal clusters of malaria in northwest Ethiopia between 2003 and 2012.

  **Cluster**   **District**   **Coordinates /Radius**    **Time Frame**           **Observed Cases**   **Expected Cases**   **RR**   **LLR**    **P value**
  ------------- -------------- -------------------------- ------------------------ -------------------- -------------------- -------- ---------- -------------
  1             Dera           11.6998N,37.6248E/49.0km   2003/1/1 to 2012/12/31   1227670              772393.8             2.36     197764.1   0.001
  1             Fogera         11.9222N,37.6958E/49.0km   2003/1/1 to 2012/12/31   1227670              772393.8             2.36     197764.1   0.001
  1             Farta          11.6998N,37.6249E/49.0km   2003/1/1 to 2012/12/31   1227670              772393.8             2.36     197764.1   0.001
  1             Misrak Este    11.6076N,38.0542E/49.0km   2003/1/1 to 2012/12/31   1227670              772393.8             2.36     197764.1   0.001
  1             Libokemkem     11.6076N,38.0542E/49.0km   2003/1/1 to 2012/12/31   1227670              772393.8             2.36     197764.1   0.001
  2             All            All                        2009/1/1 to 2010/12/31   648645               414844.9             1.80     72490.5    0.001
  3             Takusa         12.1931N,37.0553E/26.3km   2009/1/1 to 2010/12/31   125778               39776.0              3.30     60564.2    0.001
  3             Dembia         12.2430N,37.2922E/26.3km   2009/1/1 to 2010/12/31   125778               39776.0              3.30     60564.2    0.001
  4             Tach Armacho   13.2238N, 37.1488E/0km     2003/1/1 to 2012/12/31   145895               53378.5              2.86     56234.4    0.001

RR=Relative risk; LLR=Log likelihood ratio

Distribution of Temporal Malaria Clusters {#s3.4}
-----------------------------------------

In the districts, significantly high rates of purely temporal malaria clusters were observed. Two epidemic years were observed throughout the study period. These anomalies were observed in all districts from 2009/1/1 to 2010/12/31 (LLR=72490.5, p\<0.001). The secondary temporal clusters (epidemic years) were identified in all districts from 2003/1/1 to 2005/12/31 (LLR=26988.7, p\<0.001) ([Table 3](#pone-0079966-t003){ref-type="table"}).

10.1371/journal.pone.0079966.t003

###### Significant high rates of temporal clusters of malaria in northwest Ethiopia between 2003 and 2012.

  **Cluster**   **Districts**   **Time Frame**           **Observed Cases**   **Expected Cases**   **RR**   **LLR**   **P value**
  ------------- --------------- ------------------------ -------------------- -------------------- -------- --------- -------------
  1             All             2009/1/1 to 2010/12/31   648645               414844.9             1.80     72490.5   0.001
  2             All             2003/1/1 to 2005/12/31   730456               589405.7             1.46     26988.7   0.001
  3             All             2007/1/1 to 2011/12/31   576471               456168.6             1.99     39838.1   0.001

RR=Relative risk; LLR=Log likelihood ratio

Discussion {#s4}
==========

The findings of this study show that malaria transmission remained high with occasional large epidemics in space and time in northwest Ethiopia between 2003/1/1 and 2012/12/31.

The result shows that annual malaria incidences were high in most districts. These areas are under the category of high transmission of malaria. Though rigorous interventions have been carried out by the government and malaria prevention and control partners \[[@B3],[@B26]\], malaria remains a major public health problem in the study districts.

The spatial cluster analysis indentified high risk districts, which showed the spatial distribution of malaria within unstable highland and fringe areas. The spatial distribution was closely related to the geography of the districts. Most of the high risk districts, like Fogera, Dera, Dembia, Takusa, Alefa, Gondar Zuriya and Libokemkem border with Lake Tana. The peripheries of Lake Tana may contribute to the breeding of the vectors. Thus, this study identified what geographic areas were at the highest risk of malaria, and the clusters identified might have been the areas where malaria prevention and control interventions should be given priority \[[@B12]\].

The spatiotemporal cluster analysis identified a high variability of malaria risk over space and time. The most likely spatiotemporal clusters were found at Dera, Fogera, Farta, Libokemkem and Misrak Este districts between 2003/1/1 and 2012/12/31where spatial clusters were identified. This may be due to the fact that the malaria intervention measures might have not been taken appropriately, or the interventions might have not been utilized correctly. This cluster analysis also shows that malaria transmission had significantly gone down from 2006/1/1 to 2008/12/31, after the commencement of the malaria interventions in 2004\[[@B26]\]. However, malaria transmission has been increasing excessively in both space and time in all study districts since 2009/1/1.

The purely temporal cluster analysis detected two high risk periods (epidemics) from 2003/1/1 to 2005/12/31, and 2009/1/1 to 2010/12/31. This shows annual pattern and seasonal variation that exhibits a series of high intensity years with some low levels in between. This implies that seasonal and unstable malaria transmissions as well as sudden epidemics have been the peculiar characteristics of the districts. Thus, decision makers and health managers need to maintain the quality and intensity of interventions to prevent the cyclic resurgence of epidemics. The earlier epidemic in the study area could be part of the larger malaria epidemic reported nationwide in 2003/2004\[[@B4]\]. The significant drop in malaria incidence after explosive epidemics may be due to the impact of control measures intensively implemented, such as insecticide-treated nets (ITNs), indoor residual spraying (IRS) and other vector control methods \[[@B26]\], or it might be due to the effect of climatic conditions unfavorable for the survival of the vectors, or the proportions of susceptible population might be decreased.

The incompleteness and non-representativeness of malaria data could underestimate the actual malaria transmission in the study area. Using malaria cases drawn from monthly malaria reports, and estimating the space-time variation of malaria at a district levels could be important and add value in malaria prevention and control programs in spite of the size of available data.

The spatial scan statistics are quite useful and the most popular cluster detection techniques, and an important additional tools for evaluating disease clusters and early detection of disease outbreaks using routinely collected and available data\[[@B27]\]. SaTScan is a vigorous software package used to detect, analyze, and characterize the spatial and temporal pattern of malaria clusters in recent years \[[@B5],[@B9],[@B10],[@B12]\]. The limitations are clusters that are not similar in shape to the scanning window can produce errors i.e. false inclusion and exclusion and cannot detect holes in clusters \[[@B28]\].

This study could help to understand and estimate malaria risk better. Further studies are vital to identify the main causes of bigger malaria transmission risk in the detected districts; detecting and understanding of clusters in space and time at village and individual level are important, and more detailed GIS and demographic analysis could further refine possible strategies and allow more rational choices.

Conclusions {#s5}
===========

Even in small geographic areas, malaria transmission shows heterogeneity. Routinely collected data can provide useful information to guide malaria control efforts if the data are analyzed at the appropriate time using advanced statistical tools.
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